Covalent fluorescent probes were used to label the rabbit intestinal brush border Na+-glucose cotrapsporter at the putative glucose and Na' binding sites, and a steady-state fluorescence energy transfer technique was used to measure the distance between the two binding sites. In, both intact brush border membrane vesicles and partially purified soluble protein, the distance (R2/3) between the Na+ and glucose sites was -35 A. This distance was the same with four different donor/acceptor pairs with different transfer efficiencies, by donor quantum yield measurements, or sensitized acceptor fluorescence, The fact that the Na' site and glucose site probes bind to a 75-kDa polypeptide, copurify with the same isoelectric point (pI 5.3) and retain function, and exhibit energy transfer indicates that the sites are on the same 75-kDa polypeptide. The large distance between the Na' and glucose site probes raises questions about simple models of frictional interactions between the two substrates during the transport cycle.
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Uphill glucose transport across the intestinal brush border membrane occurs by Na'-glucose cotransport (1) . We have identified this cotransporter as a 75-kDa polypeptide using fluorescent group-specific reagents: fluorescein isothiocyanates (FITCs) react with lysine residues at or near the glucose binding site, whereas fluorescent N-acetylimidazoles react with tyrosine residues at or near the Na' binding sites (2) (3) (4) . In the present study, we have measured the distance between the sodium and glucose binding sites of the glucose cotransporter using the technique of fluorescence energy transfer (5, 6) . In both native brush border membrane vesicles and partially purified, soluble proteins, our results demonstrate that the sodium and glucose sites are on the same polypeptide (75 kDa; pI 5.3) and that the Na' site is 35 A away from the glucose site.
METHODS
Rabbit intestinal brush border membrane vesicles were prepared by a Ca2' precipitation procedure and treated With KSCN (3, 4) . The vesicles were then resuspended in 300 mM mannitol and 10 mM Hepes/Tris HCl, pH 7.5, and stored at -800C until needed.
Chromatofocusing of vesicles was performed as described by Lin et al. (7) , except we have substituted the zwitterionic detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) for octyl glucoside. Chromatofocusing was performed in a 35 cm x 1.5 cm column at a flow rate of 30 ml/hr and over the pH range of 7.2-4.0. Fractions were precipitated with (NH4)2SO4 and resuspended in buffer and the (NH4)2SO4 was removed by passage through a Sephadex G-50 column equilibrated with buffer. Following removal of (NH4)2SO4, the protein was lyophilized and stored at -800C.
FITC and other isothiocyanate derivative labeling of the cotransporter at the glucose site and N-acetylimidazole derivative labeling of the cotransporter at the Na' site were carried out as reported (2) (3) (4) . The conditions were optimal for specific, complete labeling of the sites on the transport protein.
NaDodSO4/pQlyacrylamide electrophoresis was performed according to Laemmli (8) as described by Peerce and Wright (3) . High-pressure liquid chromatography (HPLC) was performed on a Bio-Rad HPLC and a C18 reverse-phase column using a linear gradient of 6 M formic acid, 0.13 M triethylamine, H20/4 M formic acid, 0.09 M triethylamine, 72% propanol, H20. Proteolytic digestion was performed at 370C for 3 hr with a 10:1 protein:chymotrypsin or trypsin ratio according to the method of Allen (9) . Fluorescent fragments were identified using a Gilson 121 fluorometer with appropriate excitation and emission filters.
Extinction coefficients for fluorescent isothiocyanate lysine derivatives and fluorescent N-acetylimidazole tyrosine derivatives were obtained from absorbance measurements on a SLM-DW2C spectrophotometer. For isothiocyanates at pH 9.2 and acetylimidazoles at pH 7.5 (50 mM potassium phosphate buffers), the extinction coefficients were 2-anthracene isothiocyanate (AITC) and 2-anthracene N-acetylimidazole (ANAI), 28 x 103; 3-(4-isothiocyanatophenyl)-7-diethyl-4-amino-4-methylcoumarin ( (Fig. 3)- i.e., 85% 6 M formic acid, 0.13 M triethylamine, H20 and 15% 4 M formic acid, 0.09 M triethylamine, 72% propanol, H20-the fluorescein and eosin derivatives had extinction coefficients of 10
Experiments were performed in 50 mM Tris.HCl/2 mM EDTA, pH 7.5, on an SLM SPF500 spectrofluorometer at 220C. Protein concentrations were maintained between 10 and 20 ,g/ml with absorbances <0.02 to minimize inner filter effects and probe self-quenching. Sodium quenching of fluorescent isothiocyanate derivatives was also measured as described elsewhere (3, 10 Distances between fluorophores were determined by using R2/3 = RO(1/E -1)1/6 A, [4] where RO is the distance between fluorophores at 50%6 energy transfer or the Forster critical distance, and R2/3 is the distance between fluorophores assuming a random orientation of fluorophores. Corrections for direct acceptor excitation and light scatter were made by using the procedure described by Kella et al. (11) . Ro was determined by using the formula RO 9.79 x 103.(QD2jn-4)116 A, [5] where QD is the quantum yield of the donor, K2 is the orientation factor, which was assumed to be random-i.e., 2/3-and n is the refractive index of the medium, 1.4. J, the overlap integral for the donor emission and the acceptor excitation, was determined over 1.6-to 2.0-nm intervals, by using the formula >IUFD(X)EA(X)XAXA J= .
[6] E XFD(X)A Binding of fluorescent derivatives to non-cotransporter sites was minimized by pretreatment with phenyl isothiocyanate in the presence of Na' and glucose or pretreatment with N-acetylimidazole in the presence of Na' as described (3, 4) . Residual non-cotransporter fluorescent probe was examined for energy transfer as follows. By using changes in quantum yield in the presence of acceptor, none of the noncotransporter Na or glucose site probes could donate to the cotransporter sites nor was any change in quantum yield seen with donation or acceptance from cotransporter sites to non-cotransporter sites. Similarly, with both sites protected, the quantum yield of non-cotransporter FNAI decreased 2% or less, whereas there was no change measurable with FITC as donor to ENAI. These results suggest that only cotransporter sites are affecting changes in quantum yield or sensitized acceptor fluorescence.
All chemicals and CHAPS were purchased from Sigma and were reagent grade or better. HPLC solvents were purchased from Pierce; electrophoresis supplies were from Bio-Rad; fluorescent isothiocyanate derivatives were from Molecular Probes (Eugene, OR). Fluorescent N-acetylimidazole derivatives weroe synthesized in the laboratory (4).
RESULTS
Under appropriate experimental conditions, FITC labels a single 75-kDa polypeptide of intestinal brush border membranes (2, 3) . This labeling inhibits Na'-dependent glucose uptake and Na'-dependent phlorizin binding competitively with respect to glucose and phlorizin, suggesting that FITC binds at or near the glucose site. We have also shown that the Na' site responsible for Na' activation of glucose and phlorizin binding and the Na'-induced conformational change involves Na'-protectable tyrosine residues (4). These tyrosine residues have been identified on NaDodSO4 gels by using covalent fluorescent N-acetylimidazole derivatives (4). However, unlike FITC, which labels one polypeptide band, five polypeptide bands are labeled with FNAI, one being the 75-kDa band that binds FITC. We have suggested that this 75-kDapolypeptide band contains the Na' site of the glucose carrier. Of the five bands labeled with FNAI, the 75-kDa polypeptide contains 30% of the total label (4).
We have further purified the cotransporter in an effort to verify that this 75-kDa polypeptide contains both substrate sites. By using chromatofocusing, one band centered around pH 5.3 contains the FITC and ENAI (Fig. 1) . NaDodSO4 gel electrophoresis of the pI 5.3 fraction indicates that a single 75-kDa polypeptide band is labeled with both substrate-site probes (data not shown). In the absence of N-acetylimidazole, this pI 5.3 fraction shows a Na+-selective FITC fluorescence quench, indicating a conformational change like the intact vesicles (data not shown). In addition, the unlabeled pI 5.3 fraction shows enriched Na+-dependent phlorizin binding (unpublished data), and in the case of renal brush borders, this fraction exhibited Na+-dependent glucose transport in proteoliposomes (7) . These results indicate that all of the partial reactions of the native cotransporter are contained in this fraction and suggest that both substrate sites are located on the 75-kDa polypeptide.
The Na+-specific quenching of fluorescent isothiocyanate derivatives was used to monitor binding of label to the glucose site. With all of the isothiocyanate derivatives used, 100 mM Na+ produced a specific quenching of fluorescence that varied from 17% with AITC to 22% with FITC (12). The chromatofocused pI 5.3 protein showed similar Na+-specific quenching of AITC or FITC (data not shown). Inhibition of Na+-specific fluorescent isothiocyanate quenching by fluorescent N-acetylimidazole derivatives (3, 4) was used to monitor labeling of the Nat site. Inhibition varied from 88% with ANAI to 95% with the fluorescein and eosin derivatives.
The stoichiometry of Na+-site probe to glucose-site probe was determined by using three independent criteria. The first method involved determining the substrate-sensitive binding of the specific probes to the brush border membrane vesicles. Of the five polypeptide bands labeled with ENAI in a Na'-sensitive manner (Fig. 6, ref. 4) , only one appears to be chromatofocused with the FITC polypeptide. Fig. 1 vesicles (Upper) to the elution profile of ENAI-labeled vesicles (Lower). The areas under the pH 5.3 peaks are identical, showing a ratio of0.97 ± 0.06 for the area under the FITC peak/area under the ENAI peak normalized for protein. Of the total ENAI, the pI 5.3 peak contains 33% ± 2% (mean + SD; n = 2).
The second method of stoichiometry determination involved following the binding of ENAI to the chromatofocused pH 5.3 fraction. Fig. 2 (16) , and the acetylcholine receptor (17, 18) . Assumptions were made in our estimates of the distance between the fluorophores. These are that the fluorophores have a random, rapidly rotating orientation with respect to each other-i.e., the orientation factor K2 = 2/3-and the stoichiometry between donor/acceptor pairs is 1.
The orientation assumption introduces a degree of uncertainty into the distance calculations, the seriousness of which depends on whether the true K2 is close to 4 or 0 (19) . We Biochemistry: Peerce and Wright Since the carrier undergoes a Na'-induced conformational change, our results suggest that the change is relatively extensive since the sites are far removed from each other. The results also imply that a single channel mechanism is unlikely since the apparent binding sites are far away from each other.
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